I. INTRODUCTION
Photoactive yellow protein (PYP) is a small bacterial photoreceptor found in Halorhodospira halophila, 1, 2 which is responsible for the negative phototaxis of its host bacteria in response to blue light. 3 The PYP chromophore is a prosthetic group of para-coumaric acid (p-CA) linked to the protein by the thioester covalent bond. 4, 5 Inside the protein in the dark-adapted state, the chromophore exists in the anionic (deprotonated) form. 4, 5 Absorption of blue light [λ max = 446 nm or 2.78 eV(Ref.
3)] triggers the chromophore's trans-cis photoisomerization, which, in turn, initiates the cascade of processes leading to signal transduction. 6, 7 To understand the complex photochemistry of photoactive proteins, it is desirable to distinguish between the intrinsic properties of the chromophore and effects due to chromophore-protein interactions, which may affect both the optical properties and the response to light absorption, e.g., dynamics on excited-state potential energy surfaces. Therefore, the properties of excited states of the unperturbed isolated chromophores are of particular interest. Several synthetic analogs of the PYP chromophore have a) Author to whom correspondence should be addressed. Electronic mail:
krylov@usc.edu.
been studied experimentally in gas phase. [8] [9] [10] [11] Dynamics of the gas-phase photoisomerization of the 4-(3-oxobut-1-enyl)-phenolate anion (P − ) was studied using femtosecond mass-selection/electron detachment techniques. 11 This study demonstrated that the protein environment plays a twofold role, i.e., (i) impeding electron detachment from the chromophore and (ii) directing the photoreaction toward the cisphotoproduct. 11 Based on these experiments, the vertical detachment energy for the P − chromophore was estimated to be 2.9 eV.
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The gas-phase absorption spectra of different model PYP chromophores including p-CA − , methylated p-CA − analogs, and trans-thiophenyl-p-coumarate (p-CT − ) have been measured using action spectroscopy coupled with ion-storage ring and electrospray techniques. [8] [9] [10] An interesting feature of these anionic systems is that the photoabsorption initiates two competing processes, i.e., photodetachment and fragmentation. Consequently, the photoabsorption bands obtained by action spectroscopy include signal from: detachment, excitation followed by fragmentation, and autoionization.
Determination of the relative cross sections of these processes is a challenging task and is still an open problem. Therefore, the interpretation of the action spectroscopy photoabsorption spectra requires caution. An attempt to distinguish between the detachment and excitation channels for the anionic chromophore of the green fluorescent protein (GFP) has been reported by Frobes and Jockusch. 12 Although a fulfilling completely different physiological function, the GFP chromophore features remarkably similar electronic structure patterns, e.g., the lowest excited state of its anionic form is also an autoionizing resonance state. 13, 14 The p-CA anion serves as a minimal model of the PYP chromophore. Two p-CA − isomers that have been studied experimentally 10 are the phenolate and carboxylate forms shown in Fig. 1 . The carboxylate is believed to be the more stable isomer in polar solvents, 10 whereas in the gas phase, the phenolate isomer is 13 kcal/mol lower in energy. 10 Their relative stability can be explained by different charge distribution patterns of the two isomers discussed in Sec. III A-the more localized charge on carboxylate can be solvated more efficiently, whereas in the gas phase the isomer with more delocalized excess charge becomes more stable.
In solution, isomerization between these two tautomers may occur. Since it is not clear whether gas-phase equilibrium conditions are reached in electrospray, methylsubstituted ethers of the p-CA − isomers have been used in the experiment. 10 Although the absorption spectra of the two isomers in solution are considerably different (4.40 and 3.49 eV for carboxylate and phenolate, respectively 10 ), their gas-phase absorption maxima were reported to be identical (2.88 eV).
The absorption spectra of p-CA − have attracted considerable attention from theory for the following reasons: (i) it was found that the excited state of the phenolate form of the anion is a resonance state lying above the detachment continuum; 15, 16 and (ii) there are large discrepancies in excitation energies computed by different quantum chemistry methods 10, 17 as well as between theoretical and experimental absorption maxima. 10 Thus, p-CA − features a complex electronic structure characteristic of closed-shell anions and presents an interesting benchmark system for ab initio methods.
There are numerous theoretical studies on the absorption of the isolated PYP chromophores. 10, [15] [16] [17] [18] Gromov et al. have studied absorption of the gas-phase PYP chromophore in neutral 15 and anionic states. 18 However, when considering the anionic chromophore, the authors mainly focused on the phenolate, the biologically relevant form. In line with early evidence of the resonance character of the first excited state of the PYP chromophore based on the phenolate anion model, 16 Gromov et al. have demonstrated that the lowest excitation energy of a realistic chromophore (3.17-3.18 eV, EOM-CCSD) is indeed above the detachment continuum (2.51-2.90 eV, OVGF). 18, 19 The conclusion was further supported by other theoretical results for p-CA − . 10 Ma et al. 17 used many-body Green's function theory (MBGFT) to study excited states of the the carboxylate and phenolate forms of p-CA − . They reported excitation energies of 2.95 and 4.37 eV for phenolate and carboxylate, respectively. 17 As a possible explanation of the experimental results, the authors suggested that the only form present in the gas phase is phenolate. 17 Since the methylated species were used in the experiment, 10 this conclusion seems questionable. Bochenkova and coworkers have reported excitation energies for the carboxylate and phenolate forms of p-CA − that are within 0.1 eV of the experimental peaks obtained with the augmented multiconfigurational quasidegenerate perturbation theory technique (aug-MCQDPT2). 10 At the same time, excitation energies computed using the approximate coupled-cluster doubles scheme (CC2, 4.79 and 3.10 eV for carboxylate and phenolate p-CA − , respectively) (Ref. 10) are in agreement with the MBGFT results. Thus, either the absorption spectra of the deprotonated p-CA present a very challenging problem for modern quantum chemical methods or the experimental results require reinterpretation.
This study presents electronic structure calculations of the two p-CA − isomers. We characterized the lowest excited and ionized states of the chromophore using high-level ab initio methods including EOM-CCSD, [20] [21] [22] [23] [24] state-specific and multistate multireference perturbation theory (SS-CASPT2 and MS-CASPT2), 25 and a coupled-cluster method with an approximate account of triple excitations, CC3. 26 We rationalize the observed difference in the absorption spectra of the two molecules on the basis of the Hückel model. We also analyze the photodissociation pathways and suggest the formation of the CO 2 photofragment as an experimental probe for the carboxylate isomer of p-CA − .
II. COMPUTATIONAL DETAILS
The equilibrium geometries of both isomers were optimized using MP2 with the aug-cc-pVDZ (Ref. 27) basis set. The resolution-of-the-identity (RI) technique [28] [29] [30] [31] was employed. C s symmetry was imposed during the geometry optimization. The following convergence thresholds were used in the optimization procedure: 1×10 −6 hartree for the energy, 3 × 10 −4 hartree/Å for the energy gradient, and 1.2 × 10 −3 Å for displacements.
Geometry optimizations of neutral radicals were performed with the long-range corrected ωB97X functional 32 using the aug-cc-pVDZ basis and with the IP-CISD (configuration interaction with single and double substitutions for ionized states) (Ref. 33 ) method with the 6-31+G(d,p) basis set. IP-CISD is an approximation to EOM-IP-CCSD (EOM-CCSD for ionized states), 20, [34] [35] [36] [37] [38] which scales as N 5 and employs an uncorrelated Hartree-Fock determinant as a reference instead of the CCSD wave function. For comparison purposes and zero-point energy (ZPE) calculations, the structures of the closed-shell anions have been also reoptimized with ωB97X/ 6-31+G(d,p) . The absence of imaginary frequencies obtained by ωB97X/ 6-31+G(d,p) verify that the stationary points are indeed true minima, except the planar C s structure for carboxylate, which was found to be a transition state with a single imaginary frequency corresponding to the rotation along the single bond at the bridge. This is probably caused by steric repulsion between the hydrogen atoms at the bridge C β atom and the phenol ring. The structure reoptimized without the C s symmetry constraint is nonplanar with a C-C α -C β -C γ torsional angle of 14.5
• . The energy difference between the two structures is minor [0.04 kcal/mol, ωB97X/6-31+G(d,p)]. We do not anticipate significant effects of slight nonplanarity on excitation energies and employ the planar geometry in all calculations. A higher torsional rigidity of the phenolate isomer can be explained by the two resonance structures (Fig. 1 ) resulting in the allylic character of the bridge moiety, and, consequently, partial doublebond character of C α -C β .
Dissociation energies (D e ) for different fragmentation channels were computed with ωB97X/6-311+, +G(2df,2pd) as the difference between ground-state energies of the initial molecule and the dissociation products. ZPE corrections were calculated with ωB97X/6-31+G(d,p) at the geometries reoptimized at the same level of theory. To analyze conformational flexibility of the chromophore, we also performed ab initio molecular dynamics (AIMD) simulations using the B3LYP functional and the 6-31+G(d,p) basis set. The trajectories were propagated for 2 ps with the time-step of 0.5 fs. The grid used for all density functional theory (DFT) calculations contained 75 points in the Lebedev 39 radial grid and 302 points in the Euler-Maclaurin 40 angular grid. Vertical excitation energies were computed using EOM-EE-CCSD (EOM-CCSD for excitation energies), [20] [21] [22] 24 CC3, 26 and CASPT2. 25 Vertical detachment energies were computed by using Koopmans' theorem (i.e., negatives of orbital energies) and by EOM-IP-CCSD (Refs. 34, 35, and 37) with the 6-311+G(df,pd) basis.
The EOM-CCSD error bars are 0.1-0.3 eV for electronic states dominated by single excitations. Including triples reduces the errors to 0.01-0.02 eV. 41 In a recent benchmark study, Schreiber et al. 42 reported EOM-CCSD mean absolute and maximum errors of 0.12 and 0.23 eV, respectively. A recent study of uracil 43 demonstrated that even for well-behaved molecules inclusion of triple excitations and extending the basis set beyond augmented double-zeta can affect vertical excitations by as much as 0.3 eV. The CC3 method, 26 which is an iterative CC method with an approximate inclusion of triple excitations, has been shown to reduce the EOM-CCSD error bars down to 0.016 eV (maximum error) for singly excited states. 42 The multireference calculations were performed with the complete active space self-consistent field (CASSCF) method 44 to account for near-degeneracies of different electronic configurations followed by multireference secondorder perturbation theory (CASPT2) (Ref. 45 ) to include dynamical correlation. These calculations were performed with the 6-31G(d,p), 46 ANO-RCC-VDZP and ANO-RCC-VTZP (Refs. 47 and 48) basis sets. The ANO-RCC bases were used together with the Douglas-Kroll Hamiltonian 49 relativistic correction. For the first two rows of the periodic table, the ANO-RCC basis sets perform similarly to the ANO-L nonrelativistic bases. The active space was designed to include all π -orbitals antisymmetric with respect to the molecular plane for accurate description of the lowest π → π * excitations. The resulting active space included 14 electrons in 12 orbitals. The state-averaged CASSCF (SA-CASSCF) approach was used with equal weight on the six lowest states. In subsequent CASPT2 and MS-CASPT2 (Ref. 25) calculations, the standard IPEA shift of 0.25 (Ref. 50 ) was employed and the 1s core orbitals of the second row elements were frozen in the calculations of the dynamical correlation correction. Oscillator strengths were computed using the complete active space state interaction (CASSI) algorithm. 51 The calculations employed the recently developed Cholesky decomposition (CD) methods to handle the two-electron integrals. 52, 53 The calculations used the so-called atomic compact CD (acCD) auxiliary basis set 54, 55 (generated with a CD threshold of 10 −4 ) along with the CD-CASSCF 56 and CD-CASPT2 57 implementations. In the CD-CASSCF implementation the local exchange approximation 58 was employed. The errors in excitation energies introduced by these approximations are less than 0.001 eV, as demonstrated in the recent benchmark study. 59 The Cartesian geometries, relevant energies, and harmonic frequencies are provided in Supporting Materials. 60 The wave function analysis was performed using natural bond orbitals (NBO) procedure. 61, 62 The EOM-CC and DFT calculations were performed with Q-Chem. 63 The CC3 and CASPT2 calculations were performed using PSI III 64 and MOLCAS, 65 respectively.
III. RESULTS AND DISCUSSION

A. Structures and charge distributions of p-CA
−
We considered several rotamers of the p-CA − anion derived by rotation along the phenolic C-O (carboxylate), C γ -C(OOH) and C-O(H) (phenolate) bonds. All excitation and ionization energies for the phenolate are reported for the lowest energy structure with the C γ -C(OOH) and C-O(H) bonds in anti and syn configurations, respectively. For the carboxylate, all results are obtained for the lowest energy syn-OH rotamer, except CASPT2 and CC3 excitation energies. CASPT2 and CC3 calculations were performed for the anti-OH rotamer, which is slightly higher in energy (by 0.06 and 0.55 kcal/mol at the RI-MP2/aug-cc-pVDZ and CCSD/6-31+G(d,p) levels, respectively; see Supporting Materials 60 ). The difference in the bond length alternation (BLA) patterns in the carboxylate and phenolate structures can be qualitatively explained by the analysis of leading resonance structures. 10 The two dominant resonance forms of the phenolate isomer are: (i) enol with the negative charge hosted by the -COOH fragment; and (ii) phenol with the charge localized on the phenolate oxygen. BLA at the bridging C-C bonds (C α -C β -C γ ) for the phenol-like resonance structure corresponds to the single C α -C β and double C β -C γ bonds ( Fig. 1) , whereas the enol-like resonance structure has an J. Chem. Phys. opposite pattern. The two dominant resonance structures of carboxylate only affect the carboxylate moiety and do not disturb BLA in the bridge region. Thus, C α -C β is a single bond, and C β -C γ is a double bond.
The optimized geometries and the NBO charge distributions of both isomers are shown in Fig. 2 . To quantify the charge distribution, we divide the molecule into two parts, as shown in Fig. 2 . In the carboxylate, the excess charge is hosted by the CO 2 group, whereas in the phenolate the charge is located mainly on the phenol ring and the bridge and is more delocalized. This explains preferential deprotonation of the carboxylate in polar solutions, as solvation of the more compact carboxylate anion is more efficient. Although the charge distribution in phenolate does not reveal significant contribution of the enol resonance form, its signature can be found in the optimized geometrical parameters. The resonance analysis above predicts that the difference between the C α -C β and C β -C γ bond lengths should be larger in the carboxylate isomer, and this is indeed the case-the difference in the bond lengths is almost twice larger in carboxylate (0.114 Å) than in phenolate (0.051 Å) revealing notable contribution of the enol resonance structure. The latter effect is even more important for the anionic form of the GFP chromophore 14, 66, 67 where the two chromophore moieties (phenolic and imidazolone rings) are more similar.
B. Ab initio calculations of the electronically excited and ionized states of p-CA
−
As a closed-shell system, the p-CA − anion is stable in the gas phase and has a relatively large vertical detachment energy (VDE). Detachment energies calculated by EOM-IP-CCSD are summarized in Table I . The computed VDE for the phenolate isomer agrees well with the experimental value of 2.9 eV reported for a similar model PYP chromophore. 11 Interestingly, Koopmans' theorem fails to predict the correct ordering of the ionized states in the carboxylate. According to Koopmans' theorem, the lowest ionization corresponds to electron removal from the highest occupied molecular orbital (HOMO) (Fig. 3) , which is a π -like orbital delocalized over the phenol ring and the bridge, whereas the negative charge is mainly located on the carboxylate group and one could expect ionization from the latter moiety. Electron correlation changes the ordering of the ionized states and the lowest ionized state The basis set effects on computed VDEs were analyzed by using several bases in the EOM-IP-CCSD calculations of the carboxylate isomer. VDEs for the first ionized state computed with 6-311+G(d,p), 6-311(2+,+)G(d,p), and 6-311+G(df,pd) are 3.80, 3.80, and 3.91 eV, respectively. Thus, the addition of diffuse functions has only minor effect on VDEs, whereas the effect of polarization is more pronounced.
The relaxation energies (VDE-AIE) are 0.4 eV and 0.2 eV for the first ionized state of carboxylate and phenolate, respectively. The comparison of the anionic and neutral states' geometries is presented in Fig. 4 . The observed trends can be explained by the analysis of the corresponding molecular orbitals (MOs). The lowest ionized state of phenolate corresponds to electron removal from the conjugated π -system. The HOMO is bonding with respect to the three phenol carbon atoms, the C α -C β bridge and C γ -C(OOH) bonds (Fig. 3) . Thus, detachment from the HOMO leads to the increase in these bond lengths. In contrast, the HOMO has antibonding character with respect to phenolic O-C and C-O in the carboxyl group, and ionization results in bond length contraction (Fig. 4) .
Lowest ionized state of the carboxylate corresponds to detachment from the HOMO-3, which is a σ -like orbital (Fig. 3) . Electron detachment from the negatively charged COO group in the carboxylate reduces electron repulsion between the phenolic and carboxyl moieties thus reducing the C γ -C(OO) bond length. Ionization also detunes the resonance in the carboxyl group; the BLA patterns in the carboxyl group of the ionized carboxylate and phenolate isomers are very similar (Fig. 4) . Despite relatively high detachment energy, both phenolate and carboxylate isomers do not support bound electronically excited singlet states, and the lowest valence excitation is embedded in the detachment continuum (Tables I-III) . Such resonance states are common in molecular anions 13, 68 FIG. 4. Equilibrium structures of the ionized p-CA − optimized by ωB97X/aug-cc-pVDZ. Ionization-induced changes in the bond lengths, i.e., difference in the bond lengths between the neutral and anionic state optimized geometries (computed at the same level of theory) are given in parentheses.
and play an important role in dissociative electron attachment processes. 69, 70 A complete description of the resonance excited states requires taking into account their interactions with the continuum. Several techniques can be used to tackle this problem, such as stabilization 71 and complex Hamiltonian methods including complex absorption potential 72, 73 and complex-scaling methods. [74] [75] [76] [77] In traditional electronic structure calculations, increasing the basis set results in low-lying excited states corresponding to excitation to diffuse orbitals approximating the continuum. These continuum-like states can mix with the metastable valence excited state (see, for example, Ref. 13) presenting an obstacle for obtaining converged (with respect to the one-electron basis set) results. By using bases with moderate diffuse character we enforce the localization of the excited state preventing its mixing with the diffuse continuumlike states, which can be thought of as approximate diabatization.
In both isomers, the lowest bright state is a π → π * transition. According to the EOM-EE-CCSD results, this state has mixed character in carboxylate, i.e., HOMO → valence lowest occupied molecular orbital, LUMO, (R 1 =0.40) and HOMO → valence LUMO+1 (R 1 = 0.39). Tables II and III (Table II) . The difference between MS-CASPT2 and SS-CASPT2 excitation energies is 0.02 eV. EOM-EE-CCSD provides a slightly higher excitation energy than MS-CASPT2 (0.2 eV). This trend agrees with the benchmark studies by Schreiber et al. 42 The difference is due to the absence of triple excitations in EOM-EE-CCSD, as the inclusion of triples at the CC3 level results in the decrease of excitation energy of the same magnitude (0.2 eV). Good agreement between MS-CASPT2/TZVP and CC3/TZVP for one-electron excitation dominated transition was also pointed out in Ref. 42 . The excitation energy is sensitive to addition of diffuse basis functions to the basis set (0.16 eV). The extension of the basis from double-to triple-zeta quality results in the decrease of the MS-CASPT2 excitation energies by 0.11 eV (Table II) . Our best estimate of the S 0 -S 1 excitation energy of phenolate is 3.0 eV. Carboxylate presents a more complex case. Previous quantum chemistry calculations yielded excitation energies (of the bright state) varying in the range of 2.85-4.79 eV. The discrepancies can be explained by the complex electronic structure of the molecule manifesting itself in a complete breakdown of the Koopmans picture, e.g., Hartree-Fock yields an incorrect order of the occupied MOs, as discussed above. Moreover, the two lowest valence virtual MOs are nearly generate (5.06 and 5.09 eV). While Koopmans theorem is rarely accurate, its failure in this system shows that correlation is essential for determining relative energies of the states with very different charge distributions (localized on the carboxylate moiety or delocalized in the phenolate π -system). Although CC and EOM-CC methods are invariant with respect to unitary transformations with active occupied and/or virtual orbital spaces (and are not very sensitive to small variations in occupied-virtual separation), breakdown of the Koopmans picture suggests that correlation is very important and one may need to go beyond double excitations.
According to the EOM-CCSD/6-31G(d,p) calculations, the vertical excitation energy for the bright state is 4.7 eV, and the wave function of the lowest excited state has multiconfigurational character dominated by two π → π * transitions. As in the case of the phenolate, the addition of diffuse basis functions decreases the EOM-EE-CCSD excitation energy by 0.2 eV. The inclusion of triple excitations results in a decrease of 0.29 eV. We also note excellent agreement between CC3 and CASPT2. The difference between the SS-and MS-CASPT2 values is slightly larger than in the phenolate (0.2 eV). As discussed below, we consider the SS-CASPT2 value to be more reliable in this case. Thus, our best estimate of the excitation energy of the bright state in the carboxylate is 4.1 eV.
The (MS-)CASPT2/ANO-RCC-VTZP calculations of p-CA − are, in most aspects, routine, and one can expect an accuracy of 0.1-0.2 eV. 42 However, in the analysis of the results, some care has to be taken owing to potential problems due to the resonance character of the excited states. In particular, the response to one-particle basis set expansions, the reference weight in the perturbational treatment of the dynamical correlation, i.e., the weight of the reference CASSCF wave function in the CASPT2 first-order solution, and the difference between SS-and MS-CASPT2 should be carefully monitored. First, let us establish that the active orbitals of the two species are correct and that no spurious diffuse orbitals contaminate the CASSCF expansion, which is a tell-tale sign of either the presence of Rydberg states or the electron detachment continuum. The active orbitals of both p-CA − isomers were inspected visually and found to be of a valence π -like character. To further quantify the orbital character, we monitored the r 2 expectation value of the six SA-CASSCF states (for each isomer) and found that none of the CASSCF states developed diffuse character. Next, we inspected the reference weights in the state-specific CASPT2/ANO-RCC-VTZP calculations. For the phenolate form we found that the fifth root in SS-CASPT2 has a substantially lower reference weight as compared to the rest. In carboxylate we found two states with somewhat lower reference weights: the fourth and the sixth roots. Inspection on the weights in the SS-CASPT2 calculation with the ANO-RCC-VDZP basis reveals no roots with low reference weights (in both isomers). In carboxylate, the observed basis set dependence of the reference weight is further aggravated by the fact that the perturbational correction introduces significant diffuseness and significant mixing in the MS-CASPT2 procedure. The observed problematic behavior in the MS-CASPT2 calculations is likely due to low detachment energies of these species and, consequently, the resonance character of the excited states. As pointed out by Serrano-Andrés et al., 78 the MS-CASPT2 procedure could be overestimating the mixing between reference states and in this case the SS-CASPT2 results could be more reliable. We also note that the basis set effects are smaller at the SS-CASPT2 level, e.g., as we go from the ANO-RCC-VDZP to the ANO-RCC-VTZP basis, the excitation energy of carboxylate decreases by 0.31 and 0.16 eV at the MS-CASPT2 and SS-CASPT2 levels, respectively. Hence, we consider the SS-CASPT2/ANO-RCC-VTZP results as our best estimate. Despite the observed problematic behavior, the differences between the SS-and MS-CASPT2 values are only 0.02 and 0.21 eV for phenolate and carboxylate, respectively. In the latter case, the deviation is due to mixing of four excited states at the MS-CASPT2 level. Moreover, as mentioned above, the perturbative treatment increases the diffuse character of the state. Therefore, it is not clear whether the large nondiagonal elements of the MS-CASPT2 effective Hamiltonian matrix are caused by the correlation-induced interaction of valence excited states or artificial interaction with the continuum. Therefore, we consider SS-CASPT2 results to be more reliable in the case of carboxylate.
Closely related to the CASPT2 and MS-CASPT2 multireference methods are MRMP2 and MCQDPT2, respectively. For phenolate, excitation energies computed with MRMP2 and CASPT2 differ by 0.3 eV. Multistate multireference MCQDPT2 and MS-CASPT2 methods also yield results within 0.3 eV, the MS-CASPT2 excitation energy being higher. The difference is likely due to the IPEA correction used in the CASPT2 and MS-CASPT2 calculations.
For carboxylate, in contrast, the excitation energies computed with the two sets of methods are rather different (see Table III ). Note that 5.17 eV MRMP2 excitation energy corresponds to the sixth CASSCF root and the resulting MRMP2 state. 10 The CASPT2 excitation energy for the sixth excited state (5.32 eV, ANO-RCC-VDZP) is only slightly higher than the reported MRMP2 value. However, there is striking difference between the MS-CASPT2 and MCQDPT2 excitation energies. 10 The two methods differ by: (i) slightly different choices of the zero-order Hamiltonian; and (ii) using internally contracted versus noncontracted basis for the secondary space in MS-CASPT2 (Ref. 25 ) and MCQDPT2 (Ref. 79) , respectively. Overall, one can expect similar performance of the two approaches. In addition to the above differences, more diffuse basis set was used in Ref. 10 . The nondiagonal elements of the MS-CASPT2/ANO-RCC-VDZP effective Hamiltonian result in strong mixing between the states; however, the perturbation-modified CAS solution of the lowest excited state is dominated by the lowest CASSCF excited root (the effective Hamiltonian matrix and eigenvectors are given in Supporting Materials. 60 ). The mixing between the high-lying fifth and sixth (forth and sixth with CASSCF/ANO-RCC-VDZP) CASSCF states increases upon the increase of the basis set to ANO-RCC-VTZP and the lowest perturbation-modified CAS solution is represented by nearly equal contributions from the second, fifth, and sixth CASSCF roots. Therefore, the nondiagonal effective Hamiltonian matrix elements that couple the fifth and the sixth CASSCF/ANO-RCC-VTZP (fourth and sixth with ANO-RCC-VDZP) states are very sensitive to the basis set. The difference between the MS-CASPT2 and MCQDPT2 excitation energies could be due to even stronger mixing between these CASSCF states in a more diffuse basis set. Indeed, the MCQDPT2 perturbation-modified CAS solution for the lowest excited state is dominated by the sixth CASSCF state, and the corresponding excitation energy is 3.05 eV. Our best estimates of vertical excitation energies of the bright π → π * state are 3.0 and 4.1 eV for the phenolate and carboxylate forms of p-CA − , respectively. The higher excitation energy of the carboxylate can be explained by qualitative analysis of the electronic structure: in the carboxylate, one can expect excitation energy close to that of neutral phenol [4.5 eV (Ref. 80) ], whereas in the phenolate, the phenol-like electronic structure is strongly perturbed by the residing negative charge resulting in the red-shifted absorption. A similar mechanism of the tuning of optical properties of biochromophores was found to be important in chemically initiated electron-exchange luminescence of luciferins. 81 The Hückel model provides an alternative explanation of the observed trend in excitation energies (see Sec. III C).
As mentioned above, an interesting feature of the both isomers is the resonance or near-resonance character of the lowest bright excited state. However, the two isomers show qualitatively different types of the resonance. As follows from Fig. 5 , the S 1 state of phenolate is a shape resonance that lies above its own continuum (detachment from the HOMO). The energy diagram is different for carboxylate (Fig. 6) , i.e., the S 1 state is above three ionized states corresponding to electron detachment from HOMO-1, HOMO-2, and HOMO-3 and 0.25 eV below its own continuum (detachment from HOMO). This is an example of a Feshbach resonance. One would expect longer lifetimes for this type of metastable state.
It should be noted that the converged energies of the resonance states may differ from the excitation energies reported here due to basis set effects and interactions with the continuum. Thus, more elaborate calculations are required to evaluate the positions of the resonances and the lifetimes of the metastable excited states in these complex systems. 
C. Molecular orbital framework
As in the case of GFP, 14 the trends in electronic properties of the isomers can be explained by a simple Hückel-like model. Although the resulting excitation and ionization energies cannot be considered as quantitative, this analysis provides a qualitative explanation of the observed differences between the two isomers.
As the electronic density redistribution mainly involves the bridge region for both isomers, the analysis is based on a model system consisting of the three bridge carbons. Assuming almost perfect resonance for the phenolate, which makes the three atoms (C α , C β and C γ ) equivalent, the Hückel Hamiltonian is written as follows:
where is an atomic p-orbital energy and α is a coupling matrix element between the two neighboring centers. This model is exactly equivalent to the Huckel's solution for the allyl radical. The diagonalization of this matrix yields the following eigenvalues:
The corresponding eigenfunctions {φ i } i=1,3 are depicted in Fig. 7 . The validity of Hückel's description is supported by the analysis of the MOs: the shapes of the HOMO-5, HOMO, and LUMO in the bridge C-C γ region are indeed similar to the {φ i } i=1, 3 Hückel solutions. The corresponding detachment and excitation energies are −(ε) and − √ 2α, respectively. For the carboxylate isomer, BLA in the bridge region is larger suggesting that the three carbons are no longer equivalent. Assuming ε α << ε β = ε γ = ε and neglecting the coupling between C α and C β , we arrive to the following Hamiltonian:
which gives rise to the eigenvalues:
The resulting detachment and excitation energies for the carboxylate are (− − α) and −2α. Therefore, Hückel's model predicts higher excitation and detachment energies for the carboxylate isomer.
The model yields the following estimates of the transition dipole moments matrix elements for carboxylate and the phenolate: π |μ|π * =
x 0 2
and π |μ|π * =
, respectively, where x 0 is the average C-C bond length between the bridge atoms (see Appendix). This suggests that the oscillator strength for the phenolate form is higher than that of carboxylate, which is indeed confirmed by ab initio calculations (see Tables II and III) . Additional details of the Hückel analysis are given in the Appendix.
D. Theory versus experiment
As mentioned above, recent gas-phase action spectroscopy measurements reported identical absorption maxima for the carboxylate and phenolate isomers of p-CA − . As a source of gas-phase anions, the electrospray technique was used [8] [9] [10] and the ions were extracted from watermethanol solution. It has been demonstrated that for tyrosine, which also exists in the carboxylate and phenolate forms, the electrospray extraction from methanol-water solution results in the gas-phase mixture with relative abundances of the two isomers corresponding to the gas-phase equilibrium distribution. 82 In aqueous solution, deprotonation of carboxylate is preferable. 82 It was also shown that the relative populations are very sensitive to the presence of methanol in the solution. Thus, it is not clear which of the p-CA − isomers is present in gas phase when the electrospray technique is used. 17, 82 To achieve isomer specificity, the methylated analogs of p-CA were used in the experiment. 10 The comparison of the results obtained for nonmethylated species with the absorption spectra of the methylated compounds is justified because only a minor effect of methylation on excitation energies was reported for p-CA − at the CC2 level of theory 10 and there is good agreement between EOM-CCSD and CC2 for this system (see Tables II and III) . The comparison of our calculations with the experimental spectra 10 is presented in Fig. 8 . This experiment 10 did not distinguish between the detachment and excitation channels. Thus, both detachment and excitation can contribute to the experimental band. The computed SS-CASPT2/ANO-RCC-VTZP excitation and EOM-IP-CCSD/6-311+G(df,pd) detachment energies for the phenolate chromophore are 2.98 and 2.92 eV, and, therefore, both can be responsible for the band maximum. For carboxylate, the respective values are 4.09 and 3.91 eV. These values do not agree with the experimental peak, and the discrepancies are much larger than the anticipated error bars of these methods.
According to our calculations (and in agreement with previous studies), there are no transitions below 3.9 in the carboxylate (see Table III ). We considered dipole-bound states 83 and isomerization in the gas phase as possible explanations of these discrepancies. The dipole bound states can exist in p-CA − (dipole moment 4.82 D for carboxylate and 3.01 D for phenolate neutral radicals); however, they cannot account for the 1 eV difference.
One of the possible explanations of the experimental results is a contamination of the carboxylate sample by the phenolate form. If this was the case, the experiment signal could be dominated by the phenolate owing to its much larger oscillator strength. The reported identical spectra for the two isomers 10 support this assumption. Since the higher energy region was not probed, the signal due to carboxylate was not observed.
The photoinduced fragmentation channels have been experimentally determined by registering the masses of the resulting charged fragments. 10 The 146 amu signal for the anionic photoproduct was reported for both carboxylate and phenolate (methylated p-CA − ). This channel was ascribed to the detachment of the neutral OCH 3 fragment. Note that the experimental mass resolution was ±2 amu. 10 The high yield of the neutral fragments other than ionized chromophore shows that the excitation to the S 1 state is an efficient channel, in addition to possible direct detachment for both forms of the chromophore. Thus, the experimental absorption bands for phenolate and carboxylate represent, at least partially, transition to the resonance electronically excited states.
To analyze the fragmentation pathways, we computed dissociation energies for methylated p-CA − in the phenolate and carboxylate forms (Figs. 9 and 10) . The results for nonmethylated p-CA − are given in the supporting materials. 60 Our calculations show that the only energetically allowed channels for the phenolate correspond to the abstraction of CH 3 and CH 2 O, as shown in Fig. 9 . Within the experimental mass resolution, formaldehyde (CH 2 O) is indistinguishable from the OCH 3 radical. Moreover, the mass of the anionic fragment resulting from the CH 3 detachment from p-CA − is 151 amu, which is ∼91% from the mass of the parent ion, whereas only the daughter ions with masses in the range of 20-80% of the parent ion mass are captured in this experimental setup. 9 Therefore, the predicted photofragmentation products for phenolate agree with the experimental data. For carboxylate, in addition to the detachment of the neutral CH 3 and CH 2 O fragments, there is a low-energy fragmentation channel leading to CO 2 formation. This additional channel is specific for the carboxylate and can be used as an experimental probe to distinguish between the isomers. No evidence for CO 2 formation was reported in Ref. 10 raising a question about the nature of the absorbing species. Note that the production of CO 2 was reported as an efficient fragmentation channel in nonmethylated p-CA − .
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Besides dissociation, photodetachment has been experimentally registered for the phenolate form, 10 which is consistent with computed detachment energies (Table I) . Indeed, the experimental absorption maximum value (2.88 eV) is close to the calculated VDE (2.92 eV) suggesting an alternative decay route for the excited phenolate form.
Another factor that may affect the spectra is the presence of different rotamers and low-barrier hindered rotation along single bonds of the chromophore. To quantify the effect of the phenolic OH group rotation on the absorption spectra of carboxylate, we computed excitation energies of the anti-and syn-rotamers using EOM-EE-CCSD/6-31+G(d,p). We found that isomerization has only minor effect on vertical excitation energy (changes about 0.08 eV). We analyzed conformational flexibility using AIMD simulations. The average values of C-C α -C β -C γ and C β -C γ -C(O)-O dihedral angles along 2 ps trajectories for the methylated carboxylate are 7.18
• and 4.70
• (methylated phenolate-9.03
• and 5.95
• ), respectively (T = 298 K). Thus, the chromophore is rather inflexible and we anticipate no significant distortion of the conjugated π -system due to rotation along single bonds, and, consequently, no significant variations in excitation energy.
We suggest that the action spectra measured for the two methylated p-CA − isomers in Ref. 10 are due to the phenolate isomer (which probably contaminated the carboxylate sample) based on the following considerations: (i) there are no one-photon transitions (either excitation or ionization) below 3.8 eV in the carboxylate; (ii) the oscillator strength for the lowest bright state of the phenolate is three orders of magnitude higher than in the carboxylate. Thus, a small admixture of the phenolate may result in a relatively large signal; (iii) in the carboxylate there is an additional fragmentation channel leading to CO 2 production, which is not accessible in the phenolate; however, this product was not observed in the experiment; 10 (iv) in the gas phase, phenolate is lower in energy than carboxylate. 10 An alternative explanation might be due to two-photon absorption; however, it does not explain the striking similarity of the two spectra.
IV. CONCLUSIONS
We report an electronic structure study of the excited and ionized states of p-CA − , a model PYP chromophore. We compare the optical properties (vertical excitation and detachment energies) of the two isomers, phenolate and carboxylate. In addition to the high-level calculations of the vertical excitation and detachment energies, we present a qualitative explanation of the observed differences. Our best estimates of vertical excitation energies of the two isomers are 3.0 and 4.1 eV (SS-CASPT2/ANO-RCC-VTZP) for phenolate and carboxylate, respectively. We note excellent agreement between SS-CASPT2 and CC3 (although the latter was employed with a modest basis set). The EOM-CCSD values are within 0.2 eV of CC3.
Our results do not support the experimental conclusion that the two isomers have identical absorption spectra. 10 As a possible explanation, we suggest contamination of the carboxylate sample by the phenolate isomer. Due to the large difference in oscillator strength of the two isomers (three orders of magnitude), a small admixture of phenolate may result in relatively large absorption. The absence of CO 2 fragments (which can be produced in by the carboxylate) in the experiment supports our suggestion that the recorded spectrum is due to phenolate. Our work suggests that the experiment should be revisited probing higher energies for the spectroscopic signature of the carboxylate isomer. The production of CO 2 at higher energies would confirm the presence of the carboxylate form.
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APPENDIX: HÜCKEL DESCRIPTION OF THE TRANSITION DIPOLE MOMENTS OF THE CARBOXYLATE AND PHENOLATE ISOMERS OF p-CA
−
As described in Sec. III C, we employ a Hückel-like model to compare the transition dipole moments of the carboxylate and phenolate. Our dipole moment analysis described below is very similar to that reported by Dewar and Longuet-Higgins. 84 We consider the three carbon atoms on the bridge assuming that the arrangement is linear. The respective Hamiltonians and eigenenergies for the two isomers are given in Sec. III C. The Hückel description of the MOs is shown in Fig. 7 .
For the carboxylate, the model yields the following eigenstates:
